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ABSTRACT
Fecal contamination at recreational beaches impacts the health of beachgoers, through the
introduction of disease-causing microorganisms, and the well-being of communities dependent
on income from recreational beach activities. Beach ecosystems are also impacted by sewage
through the introduction of nutrients that can cause abnormal increases in autochthonous
microorganisms which can impact the population of larger organisms in the ecosystem. Fecal
contamination is introduced into sand via untreated sewage, direct deposition of human feces
into sand, runoff, and deposition of animal feces into sand. The introduction of fecal
contamination into sand exposes individuals to pathogens (disease causing microorganisms)
which can result in gastrointestinal illness. While standard methods and regulatory guidelines
exist for the monitoring of fecal contamination in water, none exist for sand despite the data that
link recreational contact with sand to gastrointestinal illness.
The detection of fecal-associated pathogens in the environment is difficult due to their diversity
and low concentration, therefore contamination is monitored using fecal indicator bacteria (FIB).
FIB are present in the gastrointestinal tract of animals and provide an indication of the presence
of fecal contamination. Escherichia coli (freshwater) and enterococci (fresh and salt water) are
commonly used as FIB globally and in the United States. In sand, FIB are present at higher
concentrations than in water, as sand protects FIB from environmental stressors such as UV or
predation and provides easier access to nutrients. FIB that survive long-term and replicate in
sand are termed “naturalized.” Naturalized populations can complicate the identification of
recent fecal contamination, as FIB monitoring techniques cannot differentiate between
vi

naturalized FIB and those recently introduced through sources of fecal contamination. The
ubiquity of FIB among animals and humans means it is also difficult to determine the source of
contamination. Some sources of fecal contamination (human as compared to cow or bird fecal
contamination) contain a higher number of pathogens that are likely to infect humans
(adenovirus in humans or Cryptosporidium spp. from cows). Therefore, microbial source
tracking (MST) was developed to include a suite of host-associated genes (markers) of fecal
microorganisms that are specific to different animals. These markers can differentiate between
sources of fecal contamination, supplementing FIB monitoring and providing a more accurate
depiction of the fecal contamination picture. Few studies have investigated the presence of MST
markers in sand or determined relationships between MST markers and FIB in sand.
The human health risk associated with exposure to fecal contamination can be assessed by
epidemiological studies; however, these studies are typically expensive and require specialized
teams that may not be available to organizations with limited resources. Quantitative microbial
risk assessment (QMRA) is a mathematical modeling framework used to estimate human health
risk (the likelihood someone becomes ill) from exposure to pathogens under different
environmental scenarios. QMRA consists of four steps: Problem formulation, exposure
assessment, dose-response modeling, and risk characterization. Problem formulation involves
establishing the framework (reference pathogen identification, exposure pathway, sources of
contamination) that helps target the risk management needs to be addressed. The exposure
assessment then determines the concentration and frequency of exposure by individuals to the
reference pathogen(s) and exposure pathway identified during the problem formulation step, also
known as a dose. The dose is then compared to a dose-response model (typically sourced from
the literature) to determine the probability that the estimated dose would lead to illness in an
vii

individual. Risk characterization then quantifies the level of risk based on the modeled data.
Reverse QMRA, used in this experiment, estimates the probabilities of pathogen concentrations
that correspond with a risk threshold that is defined by stakeholders.
Few QMRAs have been conducted in sand, therefore, this dissertation is focused on
understanding the human health risk from exposure to pathogens at a tropical beach impacted by
sewage. Jacó beach is a tropical beach located on the Pacific coast of Costa Rica and is a popular
tourist destination. A water quality study determined the fecal contamination was severely
impacting the water quality of the beach and placing individuals at risk of illness from exposure
to contaminated waters. Understanding the human health risk from exposure to pathogens in
beach sand, in addition to the human health risk from water, ultimately helps to improve beach
management decisions and public health.
In chapter one, the analytical sensitivity of quantitative polymerase chain reaction (qPCR) for
Enterococcus in sand was compared for the slurry (suspension, agitation, membrane filtration of
supernatant), versus two direct extraction methods using PowerSoil™ or PowerMax Soil™ kits
at a freshwater and saltwater beach in Tampa, Fl, USA. We found the slurry method had the
lowest limit of detection at 20–80 gene copies g-1 (wet weight), recovered significantly more
DNA, and was the only method that detected Enterococcus by qPCR in all samples; therefore,
the slurry method was exclusively used in subsequent experiments. The slurry method reflected
the spatial variability of Enterococcus in individual transect samples. Mean recovery efficiency
of the human-associated microbial source tracking marker HF183 from marine and freshwater
beach sand spiked with wastewater was 100.8% and 64.1%, respectively, but varied between
dilutions, indicating that the mixing protocol needs improvement.
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The objective of chapter two was to determine the extent of the influence a contaminated
waterbody has on the concentration of microbes in beach sand. Upstream, downstream and ocean
samples were collected on a transect in sand at 0 m (origin), 2.5 m and 5.0 m from the riverbank
or swash zone. Samples were also collected in sediment. Samples were analyzed for the presence
of the MST marker HF183 and FIB Enterococcus using the slurry method followed by DNA
extraction and qPCR. Median concentrations of Enterococcus decreased as distance from the
river or ocean increased. Enterococcus ranged from 1.46 x 104 to 8.11 x 103 gene copies 100 g-1
to the same distance. HF183 and Enterococcus were positively correlated at the riverbank/swash
zone, but not at other subsites due to frequent failure to detect HF183. Sediment samples did not
differ in HF183 or Enterococcus concentrations along the river and HF183 was not detected in
the ocean sediment. The frequency of detection for HF183 was significantly greater among
samples along the riverbank than samples collected at the 2.5 m and 5 m subsites. Polluted
waterbodies can influence microbe concentrations in sand but the extent of the influence of a
waterbody on MST markers in sand requires further study.
Chapter three employed a reverse QMRA in Copey River at Jacó Beach to estimate the varying
probability that corresponds with meeting a risk target. The risk target was defined as 36 cases of
gastrointestinal illness per 1000 people (36/1000), the health target set in the 2012 recreational
water quality guidelines for the United States Environmental Protection Agency (USEPA). Data
were used to calculate whether concentrations of Salmonella, Adenovirus, and Giardia exceeded
or were below concentrations needed to meet a risk of 36/1000. Samples at two sites, one
upstream and one downstream of where beachgoers tended to recreate at the riverbank were
collected six times over three weeks. Samples were analyzed for the presence of enterococci
(FIB), the human-host associated MST marker HF183 and sewage-associated MST marker
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PMMoV, and pathogens Salmonella, adenovirus, and Giardia. Sand samples were collected at
the riverbank and analyzed for the fecal indicator bacteria enterococci, the human-host
associated microbial source tracking marker genes HF183, sewage-associated marker pepper
mild mottle virus (PMMoV), and pathogens Salmonella, Giardia, and human adenovirus.
Enterococci and Salmonella were cultured using the slurry method followed by USEPA standard
methods. HF183, PMMoV, and adenovirus were detected by (RT)-qPCR. Giardia was detected
using microscopy following USEPA standard methodology. Enterococci were detected in all
samples and had a geometric mean of 3.25 x 103 GC 100 g-1. Geometric means of the MST
markers HF183 and PMMoV were 1.19 x 103 and 1.64 x103 GC 100 g-1 and were detected in
83% and 33% of samples, respectively. Salmonella was detected in 66.6% of samples and had a
geometric mean of 2.45 x 102 CFU 100 g-1. Giardia and adenovirus were detected only once
each at 45 oocysts 100 g-1 and 1.91 x 102 GC 100 g-1. QMRA analysis showed that adenovirus
and Giardia concentrations exceeded the levels that coincide with the risk threshold of 36/1000
while Salmonella fell between the 50th and 75th % percentile probability of meeting the risk
threshold. Exposure to sewage-borne pathogens in sand could contribute to the risk of illness for
recreational users of Jacó Beach and should be analyzed in tandem with pathogens in water to
implement the best strategy for the protection of public health. To implement a comprehensive
beach monitoring strategy, it is important to understand all the contextual factors that affect
public health at a beach. Recreation in sand has been linked to gastrointestinal illness, however
there are no regulatory guidelines or standard methods for analysis of fecal microorganisms in
sand. This research has shown that a comprehensive beach monitoring strategy should include
sand monitoring strategies in tandem with water monitoring strategies.
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CHAPTER ONE: BACKGROUND AND REVIEW OF FECAL INDICATOR
BACTERIA, MST MARKERS, AND PATHOGENS IN BEACH SAND
Economic and Ecological Importance of Recreational Beaches
Beaches are an important part of local economies and ecosystems. Tourism to Florida beaches
was valued at $50 billion in 2013 (Harrington et al., 2017), while tourism to the coast in Costa
Rica comprises 72% of total revenue generated by all tourist visits (Instituto Costaricense de
Turismo, 2020). Beaches are also important from an ecological perspective, providing
nourishment to diverse species, protecting inland ecosystems from extreme weather events, and
acting as safe habitats for the development of offspring (McLachlan and Defeo, 2018). Twentythree of the 25 most densely populated counties in the United States lives in a coastal region
where flooding and sea level rise are expected to increase. The improvement of coastal habitats
can reduce the threat of displacement to communities that are at the most danger by half
(Arkema et al., 2013).
Sources and Consequences of Fecal Contamination in Recreational Beaches
The introduction of fecal contamination into recreational waters and beaches and the subsequent
illnesses caused by fecal borne pathogens (disease causing microorganisms) costs the United
State healthcare system billions in spending annually (DeFlorio-Barker et al., 2018). Beach
closures as a result of fecal contamination impact local communities that are dependent on
tourism for income. Beaches can be contaminated through the introduction of sewage into
recreational waterbodies which in turn can filter into beach sand (Weiskerger et al., 2019). Beach
sand can also be contaminated through direct deposition of fecal matter, either by humans or
1

other animals, stormwater runoff, agricultural runoff, or through poor hygiene practices by
beachgoers. These sources can introduce a wide range of allochthonous bacteria into the
foreshore zone of which the most concern to public health professionals are pathogens.
Pathogens have been previously detected in sand (Table 1), but studies are few and far between.
A study analyzed beach sand along a saltwater beach in England for the presence of Salmonella
and Campylobacter jejuni and found Campylobacter in 45% and Salmonella in 6% out of 182
samples (Bolton et al., 1999). A study of a freshwater beach in Michigan also detected
Salmonella in all three of their sand samples (Byappanahalli et al., 2009). The presence of
adenovirus and Giardia have also been analyzed in sand at saltwater beaches, however neither
pathogen was detected (Abdelzaher et al., 2010; Hughes et al., 2017).
Exposure to pathogens can lead to infection and illness, but symptoms vary depending on the
type of pathogen. Infection with human adenovirus, which can occur through a fecal-oral or
waterborne transmission route, can lead to cold-like symptoms, diarrhea (Adenovirus type 40
and 41) (Lee et al., 2020), or neurologic disease in extreme cases. The type of illness is
dependent on the strain an individual is infected with (Lion, 2019). Salmonella is bacterial
pathogen transmitted primarily through contaminated food; however, waterborne illness is also
possible. Infection with Salmonella can result in gastrointestinal salmonellosis. Salmonellosis
symptoms can manifest 24-48 hours after infection and is typified by diarrhea, fever, and
abdominal cramps that can last up to 72 hours (Acheson and Hohmann, 2001). Giardia lamblia
is a protozoal pathogen that is transmitted through the ingestion of contaminated water,
particularly in warmer climates (Fraser et al., 2000). Infection with Giardia can result in
giardiasis which is primarily a gastrointestinal disease (Nash et al., 1987). Giardiasis takes 1-2
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weeks to manifest and symptoms of diarrhea, weight loss, and abdominal cramps last six weeks
or longer.
In countries that have a less developed health care infrastructure than the United States, the
burden from illness can be even greater than the impact in the United States. The World Health
Organization estimates global deaths from diarrhea as a result of exposure to fecal contamination
at 1.45 million people per year (Parashar et al., 2003). Therefore, identification and remediation
of fecal contamination, particularly sewage contamination, is an important field of study for
public health and environmental microbiology professionals.
Pros and Cons of Using Fecal Indicator Bacteria at Recreational Beaches
The ideal pathogen monitoring strategy is via the detection and quantification of pathogens.
However, it is difficult to detect pathogens in the environment due to their diversity and their low
concentration because of rapid dilution from contamination sources (Harwood et al., 2014).
Regulatory agencies have developed guidelines around the detection of fecal indicator bacteria
(FIB), which serve as a proxy for pathogens. FIB are commonly found in the gastrointestinal
tracts of both humans and other animals and used as indications of fecal contamination. In the
United States, the United States Environmental Protection Agency (USEPA) mandates the use of
E. coli (a fecal coliform) and enterococci as FIB for freshwater and marine/freshwater,
respectively (USEPA, 2012). Their guidelines for the use of FIB are based on epidemiological
studies and they are designed to keep infections as a result of waterborne pathogens below
36/1000 individuals (USEPA, 2012).
FIB have also been used for the detection of fecal contamination in sand. Concentrations of FIB
are generally much higher in sand than in water, partly due to the physical differences between
water and sand. In water, FIB concentrations are affected by the intensity of UV, predation,
3

salinity (particularly in the case of E. coli), nutrient availability, grass or wrack cover, or rainfall
(Mika et al., 2017; Nguyen et al., 2018; Oshiro and Fujioka, 1995; Solo-Gabriele et al., 2000).
FIB in sand are better protected from the effects of UV and to a lesser extent predation, while
having greater access to nutrients from the movement of water across sand. Scientists have
widely criticized the use of FIB as a monitoring strategy due to the ubiquity of FIB among
animals, which makes the identification of sources of fecal contamination, and thus determining
the danger to communities, difficult (Harwood et al., 2016).
Microbial Source Tracking
Microbial source tracking techniques (MST) were developed as a complementary toolbox to
supplement the identification of FIB in a waterbody to provide a more complete profile of the
contamination that is affecting a waterbody (Harwood et al., 2016). MST markers are derived
from host-specific microbes that can be consistently detected at low levels in the environment.
Researchers can utilize a suite of MST markers to help differentiate between sources of
contamination within a water body. Table 2 lists commonly used markers for the detection of
human, mammalian, and avian fecal contamination and their usage in sand. MST markers have
been employed successfully in waterbodies to differentiate between sources of contamination. A
study conducted in a stream in central Florida determined that consistently high concentrations
of the FIB E. coli were not due to human sources of fecal contamination, but rather to fecal
contamination from wildlife (Nguyen et al., 2018). The conclusions were drawn from the low
level of the human-host associated MST marker Bacteroides HF183 (which signifies the
presence of human fecal contamination) but abundance of GFD, an indicator for avian fecal
contamination. Thus, microbial source tracking markers can provide regulators with a more
accurate assessment of the impacts of contamination to make more accurate regulatory decisions.
4

Quantitative Microbial Risk Assessment
The guidelines, regulations, and monitoring tools available to professionals for the detection of
fecal contamination all have the goal of protecting communities and improving public health
(Boehm and Soller, 2020). Epidemiological studies are considered the highest standard for
demonstrating human health risk and are typically used to establish regulatory guidelines.
However, epidemiological studies are expensive and time consuming, and remain unfeasible for
organizations with limited resources. Quantitative microbial risk assessment (QMRA) was
developed as a method for mathematically simulating the likelihood of illness from exposure to
pathogens or microbial indicators in recreational settings. QMRA is both faster and less
expensive than classic epidemiological studies and can provide actionable results for public
health officials (Haas et al., 2014). QMRA models consist of four general parts: hazard
identification (problem formulation), exposure assessment, dose-response modeling, and risk
characterization (Haas et al., 2014).
In a hazard identification, researchers identify the hazards, which are typically pathogens, but
can also be FIB or MST markers if pathogen detection is not feasible (Boehm and Soller, 2020).
The identified hazard(s) are subsequently referred to as the reference pathogens. Hazard
identification also involves determining how individuals are exposed to pathogens (WHO, 2016).
Exposure could be orally, through the eyes, skin contact, or other routes. Next, the concentration
of the hazard (reference pathogen) is calculated in the study area, either by using culture or
molecular data. The exposure assessment determines the quantity of the reference pathogen that
is ingested by an individual; this quantity is known as the dose. The dose is then used in the
dose-response assessment, typically sourced from the literature, to determine whether the amount
of reference pathogen ingested by an individual is going to cause either illness or infection. The
5

risk characterization then determines on a population level how many individuals would get sick
based on the previously established response of an individual to the dose (Haas et al., 2014).
There are three broad categories of QMRA: Reverse, forward, and relative. Reverse QMRA
starts from a risk level and then works backwards to determine the probability that corresponds
with concentrations of reference pathogen in the environment that would meet the risk target.
Reverse QMRA is typically used to determine if detected concentrations of reference pathogen
are within tolerable limits for the defined risk (Rasheduzzaman et al., 2019). Forward QMRAs,
which are more common in the literature, begin with the concentration of reference pathogen
detected in the environment and determine the risk from a given exposure (Symonds et al.,
2014). The last broad type of QMRA is relative QMRA, which compares two risk assessments to
each other to determine which type of exposure (exposure to pathogens from human feces vs.
cow feces, for example) is contributing more towards risk of infection from exposure in a given
environment (Zhang et al., 2019).
QMRA has been conducted in water for many different scenarios, but rarely for sand (World
Health Organization, 2021). A QMRA of Cryptosporidium, Enterovirus, and Staphylococcus
aureus conducted at a sub-tropical beach in sand (Shibata and Solo-Gabriele, 2012) is the only
one published in the literature so far, while the 2021 World Health Organization (WHO) water
quality guidelines also note the need for an increase in risk assessments performed in sand
(World Health Organization, 2021). Understanding the human health risk from exposure to
pathogens in both water and sand allows public health professionals to develop a more holistic
beach management strategy that ultimately improves the protection of public health. The overall
goal of this dissertation is to contribute to understanding the human health risk from exposure to
pathogens in tropical beach sand.
6

Research Chapters: Objectives of the Dissertation
Chapter 2: An assessment of three methods for extracting bacterial DNA from beach sand
Rationale: No standard methods have been developed for the quantification of fecal microbes in
beach sand. Using standardized methodologies for quantifying microbes in beach sand makes
comparison across studies feasible, which in turn facilitates synthesis of findings across studies
and development of general principles about fecal microbes in sand.
Methodology: Three methods for the extraction of DNA from beach sand (slurry, PowerSoil, and
PowerMax Soil) were compared at one freshwater and one saltwater beach for analytical
sensitivity. The slurry method was further studied for its ability to capture spatial variability and
to determine recovery efficiency metrics.
Chapter 3: Enterococcus and sewage-associated HF183 in beach sand are correlated with
distance from a polluted river
Rationale: Understanding the extent of transport of allochthonous microbes from water into sand
will improve understanding of the risk of human exposure to pathogens in sand.
Methodology: Sand and sediment samples were collected along river and ocean transects at a
contaminated tropical beach (Jacó Beach, Costa Rica) starting at the swash zone/riverbank and
moving away from the waterbody. Samples were processed using the slurry method followed by
PowerWater extraction and analyzed for the presence of the FIB Enterococcus and the humanassociated Bacteroides HF183 using quantitative polymerase chain reaction.
Hypothesis: Bacterial levels would be lower at transect subsites further from the contaminated
waters due to the effects of transport and die-off across beach sand.

7

Chapter 4: Exposure to sewage contaminated sand presents a human health risk to
beachgoers
Rationale: The risk from exposure to pathogens in sand at tropical beaches has not been
quantified, despite studies linking gastrointestinal illness to recreation in sand.
Methodology: Sand samples along a polluted river mouth at a recreational beach were analyzed
for pathogens Salmonella, Giardia, adenovirus, FIB enterococci, sewage-associated MST marker
pepper mild-mottle virus, and human-host associated MST marker Bacteroides HF183. A
reverse QMRA was conducted to determine the concentrations that correspond with the
probability of meeting a risk target of 36 cases of gastrointestinal illness per 1000 people.
Hypothesis: Salmonella had the highest concentration, therefore: Salmonella is the most probable
to exceed the risk target, followed by adenovirus, and Giardia.
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Tables
Table 1. Common waterborne borne pathogens that originate in feces and sewage and their detection in sand. Levels of pathogens and
are denoted as gene copies (GC) 100 ml-1, most probable number (MPN).
Pathogen

Type

Levels in Sewage

Virus

Up to 108 GC 100 ml-1 (Boehm
et al., 2018)

Adenovirus

Virus

Up to 107 GC 100 ml-1 (Barril
et al., 2015)

Rotavirus

Virus

Up to 108 GC 100 ml-1 (Barril
et al., 2015)

Cryptosporidium
spp.

Protozoan

Up to 103 oocysts l-1
(Organization and WHO, 2006)

Giardia

Protozoan

Up to 105 cysts l-1
(Organization and WHO, 2006)

Campylobacter
jejuni

Bacteria

Up to 105 MPN (Organization
and WHO, 2006)

Bacteria

Up to 105 MPN (Organization
and WHO, 2006)

Norovirus

Salmonella

13

Analysis in Beach Sand (citations)

Percentage of
Positive Samples

(Abdelzaher et al., 2010)

0

(Hughes et al., 2017)

0

NA

NA

(Abdelzaher et al., 2010)

100%

(Abdelzaher et al., 2010)

100%

(Yamahara et al., 2012a)

100%

(Bolton et al., 1999; Byappanahalli et al.,
2009; Yamahara et al., 2012a, 2007)

33%

Table 2. MST markers and their detection in sand. Levels of indicators are denoted as gene copies (GC) ml-1.
MST Marker

Indicator of Fecal
Contamination for

Levels in
Sewage or
Feces

Analysis in Beach Sand (citations)

Percentage of
Positive
Samples
50%

Bacteroides
HF183

Human

10 GC 100
l-1

Pepper MildMottle Virus
(PMMoV)

(Cloutier and McLellan, 2017; Eichmiller et al., 2014;
Hughes et al., 2017; Mika et al., 2017; Russell et al.,
2014; Staley et al., 2015; Yamahara et al., 2012a;
Zhang et al., 2016)

Human

Up to 107
GC ml-1

NA

NA

GFD

Bird

Up to 1010
GC g-1

(Ahmed et al., 2019; Cloutier and McLellan, 2017;
Russell et al., 2014; Zhang et al., 2016)

100%

Rum2Bac

Ruminant

Up to 109
GC g-1

NA

NA

Pig2Bac

Pig

Up to 105
cysts l-1

NA

NA

CowM3

Cow

Up to 1010
GC g-1

NA

NA
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Key Highlights
1. A decreasing gradient was observed for both Enterococcus at all transects
2. Enterococcus and HF183 were positively correlated at the origin subsite
3. HF183 detection rates decreased moving away from contamination source
4. River likely acts as source of contamination for beach sand at Jacó
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Abstract
Pathogen transmission from sand to humans in recreational settings constitutes a known health
risk; however, the extent of pathogen transport from contaminated waters into beach sand is not
well understood. We considered a polluted river and adjacent ocean to be sources of fecal
microorganisms at a Costa Rican beach and assessed the effect of distance from source on the
concentration of fecal microorganisms in beach sand. Sand was sampled along three transects at
subsites extending from the riverbank or ocean swash zone at 0 m (origin) to 2.5 m and 5 m from
the pollution source. Sediment samples were collected near the origin of each transect. Sewageassociated HF183 and Enterococcus concentrations measured by qPCR decreased as distance
from the river or ocean increased. Geometric mean HF183 ranged from 1.45 x 103 gene copies
100 g-1 in sand at the origin to no detection 5 m from the source, while Enterococcus ranged
from 1.46 x 104 to 8.11 x 103 gene copies 100 g-1 to the same distance. HF183 was detected
significantly less frequently at 2.5 m and 5 m subsites compared to the transect origins. HF183
and Enterococcus were positively correlated at transect origin, but not at more distal subsites.
The movement of microbes from water to sand can impact the health of beachgoers regardless of
their immersion in water.
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Introduction
Recreational beaches are an important economic and environmental resource for coastal
communities, and the impairment of beaches due to human fecal contamination can drastically
affect the livelihood of the populace in these communities (Penn et al., 2016). The detection of
pathogens (harmful bacteria, fungi, viruses, and protozoa) would be the ideal monitoring
outcome, but pathogens are difficult to detect due to their diversity and low concentration,
particularly in the environment (Korajkic et al., 2018). Instead, FIB such as enterococci have
been typically used to monitor for fecal contamination as a surrogate for pathogens due to their
presence in feces and ability to survive in the environment (Boehm and Sassoubre, 2014).
Decisions to close or open beaches are made based on FIB levels in water. Threshold bacterial
concentrations that trigger beach closure or posting are determined by regulatory bodies such as
the World Health Organization (WHO) or United States Environmental Protection Agency
(USEPA, 2012; World Health Organization, 2021). Sand, however, has only recently been
recommended for monitoring with the WHO’s 2021 provisional guidelines on beach sand
(World Health Organization, 2021). Increased disease risks from exposure to pathogens in sand
have been reported. Digging in sand at recreational beaches has been positively associated with
gastrointestinal illness (C. D. Heaney et al., 2009) and recently, disease was associated with
sewage contamination that impacted beach sand in Portugal (Brandão et al., 2020). Skin
conditions have also been reported in relation to recreation in beach sand (Esiobu et al., 2013).
Problems with the use of FIB as a monitoring tool include poor correlation with the presence of
pathogens, persistence in sediment, sand, and vegetation, and ubiquitous distribution in the
intestines and animal feces (Harwood et al., 1999; Nguyen et al., 2018). Each of these issues
contribute to the uncertain association between the presence of FIB and the likelihood of
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presence of human fecal contamination (Harwood et al., 2014). Microbial source tracking (MST)
techniques were developed to supplement FIB monitoring by providing information regarding
the source of contamination (Hagedorn et al., 2011). MST functions by identifying genes of
microorganisms that are specific to the intestinal tract of species of interest (Chase et al., 2012);
for example, Bacteroides HF183 is a human-host associated MST marker (Green et al., 2014).
When these genes are detected in the environment, typically by quantitative PCR (qPCR), then a
more accurate portrayal of the source of contamination can aid beach managers in making
regulatory decisions (Dickerson et al., 2007).
An important insight into microbes in beach sand is their distribution throughout a beach.
Understanding how concentrations of microbes differ along a beach, and the interaction between
pollution sources and the distribution of bacteria is essential for devising sampling strategies for
sanitary surveys or understanding where people are more likely to be exposed to microbes. One
study (Bonilla et al., 2007) examined the distribution of enterococci along a transect. The study
found a high variation in concentration of enterococci along the transects even when subsites
were a few centimeters apart. However, few studies have delved into the distribution of FIB
along beach sand, and none have assessed MST markers or been carried out at a tropical beach
(Palmer et al., 2020; Whitman et al., 2003)
This study took place in Jacó Beach, a tropical beach located on the Pacific coast of Costa Rica.
Jacó lacks a central sewage and sanitation system and instead relies on septic systems,
decentralized wastewater treatment facilities and direct discharge of sewage (GonzálezFernández et al., 2021; Mora Alvarado, 2009), leading to frequent failures and the introduction
of sewage contamination to the rivers which run through the town. Fecal coliforms in beach
waters have historically exceeded regulatory levels and a previous study in 2019 found high
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concentrations of fecal indicator bacteria, MST markers, and pathogens in the rivers that impact
the ocean (González-Fernández et al., 2021).
The objectives of this study were to: 1) Examine the effect of distance from a contaminated river
and ocean area on fecal microorganism (Enterococcus and HIF183) concentrations in sand, and
2) Explore the relationship between concentration of HF183 and Enterococcus in sand.
Material and Methods
Sample Location and Collection
The study focused on the sewage-impacted Copey River, which runs through the town of Jacó
and discharges into the ocean (Figure 1), impacting the surrounding beach (González-Fernández
et al., 2021). Sampling transects began at the river or ocean, hypothesized to be the source of
contamination, and ran horizontally across the beach (river) or vertically from swash zone to dry
sand (ocean) (Figure 1). The river transects were located upstream and downstream of where
beachgoers tended to gather (based on observational data) (Figure 1). The ocean transect was
sampled immediately south of the river in the direction of the river plume, which was assessed
using Bright Dyes Standard Yellow/Green Powder (#25; Kingscote Chemicals; Miamisburg,
US). The upstream and downstream transects were sampled on either side of the riverbank. At
each of the three transects, sand samples were collected at the riverbank or ocean swash zone
(origin), 2.5 m from the origin, and 5 m from the origin, collectively termed subsites. Sand
samples were collected at the groundwater level using a shovel which was sterilized with ethanol
and a flame in between uses. In the upstream transect, the average depth to groundwater was
0.14 m, and in the downstream and ocean the average depth was 0.12 m. Samples were also
collected in the submerged sediment (either in the middle of the river or calf deep in the ocean),
Approximately 100 g of sand sample were collected at each transect point in one-liter Whirl31

Pak® bags (Nasco; Madison, WI, US) and stored on ice until processing. Samples were collected
at the upstream, downstream, and ocean transects each day during four sampling events to
comprise four replicates at each sample point, 16 samples per transect, and 80 total samples
(Figure 2).
Sample Processing
Samples were stored on ice, transported to the lab within six hours of collection, and processed
immediately. Excess water was decanted from each sample before processing. Thirty grams (wet
weight) of each sand sample were processed via the slurry method (Boehm et al., 2009; Gallard‐
Gongora et al., 2021). Briefly, a 1:10 dilution of the 30 g sand sample was created with
deionized water in plastic solo cups. The slurry was shaken by hand for three minutes and
allowed to settle for one minute. One hundred ml of the supernatant was filtered onto mixed ester
cellulose (47 mm diameter 0.45 µm pore size, Fisherbrand) filters using sterile syringes and
sterile filter holders (Symonds et al., 2014). Deionized water subjected to the entire protocol
functioned as a process control (Figure 2). Filters were stored at -20 °C inside bead beating tubes
and 500 µl of lysis buffer from PowerWater™ kits (Qiagen, Valencia CA, US). Filters in bead
beating tubes with lysis buffer were shipped on Techni Ice (Global National Australia Pty Ltd.;
Melbourne, Australia) frozen at -80 °C. Upon arrival at the University of South Florida, DNA
was extracted using the PowerWater™ kit (Qiagen, Valencia CA, US) following manufacturer’s
instructions. The eluate (100 µl) was stored at -20 °C until analysis by qPCR.
Molecular Analyses
All qPCR assays were run in triplicate with 5 µl of template and 12.5 µl of TaqMan
Environmental Master Mix 2.0 (Applied Biosystems, Waltham, MA) in 25 µl reactions. Assays
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were carried out on 96 well plates (Thermo Fisher, Waltham, US) on an ABI 7500 Real-Time
PCR system (Thermo Fisher Scientific; Waltham, USA). Tenfold dilutions of extracts were run
alongside the triplicates to test for inhibition of the qPCR. Samples were identified as inhibited if
the cycle threshold value of the 1:10 dilution was within 2 cycle threshold values of the undiluted
sample (Cao et al., 2012). No inhibition was observed in this study. Standard curves of synthetic
DNA standards ranging from 106 to 5 gene copies (GC) were prepared with gBlocks gene
fragments purchased from Integrated DNA technologies (Coralville, IA) and functioned as
positive controls. All standard curves had an efficiency between 95 and 110% and an R2 between
0.90 and 0.99 (Bustin et al., 2009). qPCR run conditions consisted of 2 min at 50°C, 10 min at
95°C, 40 cycles (15 s at 95°C, 60 s at 60 °C) for both assays. Triplicate negative (no template)
controls and extraction blanks did not amplify for all assays. Limits of quantification and
detection for Enterococcus were 250 GC 100 g-1, and for HF183 were 500 GC 100 g-1. Samples
were assigned as not detectable if all three replicates of the template did not amplify or
detectable but not quantifiable if two of three technical replicates amplified.
Enterococcus spp. were quantified according to USEPA method 1611.1 (USEPA, 2015).
Forward primer Entero1a F (1 μmol l-1, 5’- GAGAAATTCCAAACGAACTTG -3’), the reverse
primer Entero1a R (1 μmol l-1, 5’ – CAGTGCTCTACCTCCATCATT -3’), and probe Entero1a
Probe (80 nmol l-1, [6~FAM]-5'- TGGTTCTCTCCGAAATAGCTTTAGGGCTA -TAMRA)
were used. Bacteroides HF183 were quantified according to USEPA method 1696 (USEPA,
2019). The forward primer HF183 (1 μmol l-1, 5’- ATCATGAGTTCACATGTCCG -3’), the
reverse primer BacR287 (1 μmol l-1, 5'- CTTCCTCTCAGAACCCCTATCC -3’), and probe
BacP234MGB (80 nmol l-1, [6-FAM]-5’- CTAATGGAACGCATCCC -MGB) were used along
with 0.2 mg ml-1 of bovine serum albumin.
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Statistical Analyses
Data were analyzed using the statistical package R (4.1.0, R Core Team, 2014). Plots were
constructed using the tidyverse package and ggplot2 function (Gómez-Rubio, 2017; Wickham et
al., 2019). All statistical tests were interpreted with an α < 0.05 significance threshold. All
analysis of central tendencies were done using log10 medians.
The influence of transect location (upstream, downstream, ocean), distance of within-transect
subsites from river/ocean (origin, 2.5 m, 5 m), and their interaction on log10-transformed
Enterococcus concentrations was analyzed using a mixed-effects models (lme4 package and the
lmer function (Bates et al., 2015)). Observations of Enterococcus that were below the assay limit
of detection (16.6 % of samples) were assigned one half the limit of detection for statistical
analysis and detectable but not quantifiable (3.3% of samples) were assigned the limit of
detection for statistical analysis (Nguyen et al., 2018). Sampling date and riverbank side were
included as random effects. Riverbank side was included as a random effect because there was
no significant effect (p = 0.56) on Enterococcus concentrations, but it is a possible source of
correlation among measurements. Post-hoc tests were carried out with the package multcomp
(Hothorn et al., 2016) and the glht function.
To understand the differences in HF183 concentrations between the upstream, downstream, and
ocean transects and the within transect subsites, HF183 concentrations were analyzed with a
Hurdle model using the glmmTMB (Brooks et al., 2017) package and function. This model was
chosen due to the high frequency of non-detects for HF183 among sand samples (Table 4) and
variable concentration of target in samples where HF183 was quantifiable (Table 4). The type of
Hurdle model used was a zero-truncated negative binomial distribution with a log link. Non-
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detects were categorized as zero while detectable but not quantifiable observations were set at
the limit of detection. The model divides the data set into two parts, one where non-detects are
compared to determine where differences lie, the binomial model, and one that analyzes the
quantifiable values independently, the truncated negative binomial model (Blasco‐Moreno et al.,
2019; Hu et al., 2011). Transect location and subsite were used as predictor variables, date and
riverbank side as random effects. We used direction as a random effect because we found that it
did not have a significant effect on HF183 concentrations. Spearman’s rank correlation was used
to analyze the relationship between Enterococcus and HF183 among the different transects and
subsites.
Results
We hypothesized that that bacterial levels in sand would be lower at transect subsites further
from the contaminated waters, i.e. highest at the origin and lower at 2.5 m and 5 m. We also
hypothesized that bacterial levels in sand would be lower in the ocean transect samples compared
to the two river transects due to dilution of polluted river water. Sediment samples, which were
collected at the center of the river parallel to each transect, were considered to be a cumulative
record of fecal pollution at each transect location. Enterococcus was detected in all sediment
samples at all transects and concentrations were highest in the upstream transect and lowest in
the ocean transect (Figure 3). HF183 concentrations in the sediment followed a similar trend
from highest upstream to lowest in the ocean; however, HF183 was not detected in ocean
sediments (Figure 3). Both Enterococcus and HF183 concentrations were significantly greater in
the upstream sediment compared to both the downstream and ocean sediment. Enterococcus and
HF183 concentrations in the sediment were significantly greater than concentrations in the 2.5 m
and 5 m subsites at the upstream transect.
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Ranges in Enterococcus and HF183 Concentrations
Enterococcus and HF183 concentrations had wide ranges, even within a transect/subsite location
(Figure 4). For example, Enterococcus concentrations in the upstream transect at the origin
subsite ranged from the limit of quantification (250 GC 100 g-1) to 1.45 x 105 GC 100 g-1 (Figure
4), and HF183 concentrations at the same subsite varied from 500 GC 100 g-1 to 2.14 x 104 GC
100 g-1.
Effect of Transect Location (ocean, downstream, upstream) on Enterococcus and HF183
Concentrations
Despite the ranges in microbial levels, the central tendency among the transects varied relatively
little. Median Enterococcus concentrations in the upstream transect, downstream, and ocean
transects (all subsites combined) were 3.97 x 103 GC 100 g-1, 4.44 x 103 GC 100 g-1 and 9.89 x
102 GC 100 g-1, respectively. In the upstream and ocean transect, the highest Enterococcus
concentrations were at the riverbank/ swash zone subsite while in the downstream transect they
were highest at the 2.5 m subsite (Figure 4).
HF183 concentrations also varied little among transects. The non-zero portion of the Hurdle
model, which only compared differences based on quantifiable HF183 observations, showed
there were no significant differences among the transects. Median HF183 concentrations in the
upstream, downstream, and ocean transects (all subsites combined, and omitting data points that
were below detection limit or detectable but nonquantifiable) were 2.50 x 102 GC 100 g-1, 3.94 x
102 GC 100 g-1, and 4.06 x 102 GC 100 g-1, respectively. The range of quantifiable HF183 was
greatest in the upstream transect and was lowest in the ocean transect (Table 4).
Effect of subsite (origin, 2.5 m, 5 m) on Enterococcus and HF183 concentrations
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Enterococcus concentrations differed significantly within transects only in the downstream
transect, where mean concentrations at the 2.5 m subsite were significantly higher than the 5 m
subsite (Table 2 and Figure 4). Although most differences were not statistically significant, all
three transects displayed a decrease in median Enterococcus concentrations as distance from the
origin increased (Figure 4). In the upstream transect, Enterococcus concentrations at the origin
were 4.67 x 104 GC 100 g-1 and decreased to 1.04 x 103 GC 100 g-1 at the 5 m subsite. In the
downstream transect, although Enterococcus concentrations were highest at the 2.5 m subsite,
they decreased by ~1 log between the origin and 5 m (4.44 x 103 – 6.50 x 102 GC 100 ml-1). The
ocean transect also saw a decrease between the swash zone (origin) and 5 m subsites.
HF183 concentrations, when the marker was detected, varied little within transects. But the large
frequency of observations below the limit of detection necessitated a different statistical strategy,
where non-detects were compared in a binomial model. The non-zero portion of the Hurdle
model, which only examined quantifiable HF183, did not find significant differences among the
subsites.
Detection Frequencies of Enterococcus and HF183 in Sand
Sand samples consistently contained quantifiable levels of Enterococcus, which was detected by
qPCR in 83.3% of samples (Table 4). Enterococcus was most frequently detected at the
downstream transect (87.5%) when data from all subsites were combined, while Enterococcus
were detected in the ocean and upstream transects in 83.3% and 79.2% of samples, respectively.
Enterococcus observations that were below the detection limit (250 GC 100 g-1) were generally
at the 2.5 and 5.0 m subsites (Table 4).
HF183 was less frequently detected than Enterococcus (43.3% of samples) and quantifiable in
40% of samples. We therefore used the binomial version of the Hurdle model (Blasco‐Moreno et
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al., 2019) to assess differences in the frequency of detection of HF183 among transects and
subsites. Among the subsites, with all transects combined, the binomial portion of the Hurdle
model found that HF183 was significantly less frequently detected at the 2.5 m and 5 m subsites
compared to the origin subsite (Table 5). However, the binomial portion of the hurdle model did
not find any significant differences among the transects. HF183 was most frequently detected at
the downstream transects (54.2%), followed by the ocean transect at 50% and the upstream
transect at 29.2%. HF183 was not observed in the 2.5 m and 5 m subsites of the upstream
transect, while HF183 was observed at least once in all subsites in the downstream and ocean
transect (Table 4).
Correlation Between HF183 and Enterococcus
Correlations between HF183 and Enterococcus concentrations were affected by the high rate of
non-detect observations for HF183; however, they were positively correlated when data were
analyzed with all transects and subsites combined (rho = 0.31). Only values of Enterococcus and
HF183 in the upstream transect were significantly correlated (rho = 0.48) when analyzed by
transect. Analysis by subsite revealed a significant positive correlation between HF183 and
Enterococcus in sediments with data from all transects combined (rho = 0.69) and at the origin
subsites (rho = 0.48), but not at the 2.5 m or 5 m subsites.
Discussion
The fate and transport of sewage-borne pathogens and fecal indicator bacteria has been widely
studied in water (Korajkic et al., n.d.) and soil (Calderon et al., 2022; Fujioka et al., 1998; Sinton
et al., 2007), but is much less understood in beach sand. Previous mathematical modeling of the
transport of enterococci in sand suggested a water source can transport enterococci through
superficial sand into the groundwater (Russell et al., 2012). Understanding the extent to which
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bacteria can be transported from a pollution source through sand can help determine where and
how to sample sand at beaches in order to provide the most accurate assessments of human
health risk from exposure to sand. Here we provide data on the extent of transport of
Enterococcus and HF183 through sand from a contaminated water source.
Copey River has been previously shown to be extensively contaminated with untreated sewage
which introduces FIB (enterococci), MST markers (HF183), and pathogens into the ocean
(González-Fernández et al., 2022, 2021). If we assume that Copey river is the dominant source
of contamination in sand, then we would expect a decreasing gradient of HF183 and
Enterococcus concentrations moving away from the river. Our results showed that median
concentrations of Enterococcus decreased along the transects moving away from the origin.
These results reflect those of a study in in Iowa (Midwest North America) that monitored E. coli
in sand along transects at three freshwater beaches (Palmer et al., 2020). The subsites in this
study were also at the shore (termed origin in our study), 2.5 and 5 m but added 10 m and 20 m
subsites. E. coli was detected up to 20 m from the shoreline and significantly higher
concentrations of E. coli were observed at the origin compared to the 10 and 20 m subsites
(Palmer et al., 2020). Relatively little E. coli variation was detected among the transect origin
(lake shore) 2.5 m and 5 m subsites (Palmer et al., 2020), which was similar to the results in this
study for Enterococcus. One of the major differences between the two studies was the inclusion
of the human-host associated MST marker HF183, which is a more accurate indicator of human
fecal contamination than E. coli but was not included in the freshwater beach study. In our study,
a greater frequency of non-detects among HF183 were observed at the 2.5 m and 5 m subsites as
compared to the origin, which points to Copey River as the primary source of contamination for
sand at this beach.
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A second point of consideration for Copey River as the source of contamination for sand is the
movement of microbes from upstream (closer to inputs of contamination) towards the ocean.
Sampling water for FIB and MST markers provides a snapshot of the water quality at the time of
sampling. But, sampling sediment provides a picture of the long term quality of the environment,
as sediment can act as a temporal sink for FIB and MST markers (Ishii et al., 2007). Median
Enterococcus and HF183 sediment concentrations in our study decreased moving from upstream
to the ocean transects. In the upstream transect, concentrations of HF183 and Enterococcus in the
sediment were significantly higher than at the 2.5 and 5 m subsites but were not significantly
different in the downstream and ocean transects. The decrease in HF183 and Enterococcus
concentrations along the transect (moving away from the origin) and decrease in concentrations
of HF183 and Enterococcus in the sediment moving from the upstream transect towards the
ocean transect points to Copey river as the source of contamination.
Correlations between HF183 and Enterococcus can also provide evidence for Copey River as the
source of contamination for sand. Correlations between HF183 and Enterococcus were present in
the sediment in the upstream and downstream transects. Correlations between HF183 and
Enterococcus were also present at the origin in the upstream, downstream and ocean transects,
there was no correlation present at the 2.5 m and 5 m subsites. Enterococcus was also detected
more frequently than HF183 at the 2.5 m and 5 m transects, both of which suggests a difference
in the fate and transport of Enterococcus and HF183 via the introduction of an additional
contamination source for Enterococcus. Contamination can be introduced into sand through the
introduction of direct deposition of animal feces (birds, dogs, horses) (Oshiro and Fujioka, 1995;
Whitman et al., 2014), which may have stronger influence on bacterial concentrations further
from the dominant contamination source.
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Studies of HF183 in sand are uncommon in the literature. A search of studies using the keywords
“HF183” and “sand” through PubMed revealed only seven studies on the presence of HF183 in
recreational sand. Detection of HF183 was sporadic among the studies. One study at a freshwater
recreational beach in Lake Michigan (Indiana, USA) collected sediment and swash zone sand
samples along a transect but did not detect HF183 in sand and had only one detection in
sediment for a 2% detection rate (Nevers et al., 2020). A second freshwater study at a nonrecreational beach in Minnesota, USA (Eichmiller et al., 2013) did detect HF183 from all sand
and sediment samples collected near a wastewater outfall. Geometric means of HF183 in sand
and sediment were not significantly different, although the study did not collect samples on a
transect (Eichmiller et al., 2013). Further analysis of the relationships between HF183 in water
and sand can provide a better understanding of the fate of HF183 when sewage contaminates a
recreational beach.
Conclusions
•

Enterococcus and HF183 concentrations decreased in sand moving away from the
contamination source.

•

HF183 and Enterococcus concentrations were positively correlated at the origin subsites and
sediment for all transects.

•

Understanding the importance of HF183 from water into sand improves understanding of
marker dynamics at beaches and ultimately public health

•

For a holistic approach to beach management, sand and water should be studied with equal
importance to improve decision making process
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Tables
Table 1: Effect of transect location on Enterococcus concentrations at each subsite (origin, 2.5
m, 5.0 m). In the generalized linear mixed effects model, a negative estimate parameter denotes a
smaller concentration of Enterococcus reading from left to right. The standard error denotes the
variability of the measured variables and z-values are used to calculate significance given a
confidence interval.
Transect Comparison
(Effect)

Standard
Error

Estimate

z-value

p-value

Riverbank/Swash zone
Downstream – Ocean

0.33

0.54

0.61

0.81

Upstream – Ocean

0.65

0.54

1.23

0.43

Upstream – Downstream

0.33

0.37

0.89

0.64

2.5 m
Downstream – Ocean

1.00

0.42

2.40

0.04 a

Upstream – Ocean

0.28

0.42

0.66

0.78

Upstream – Downstream

-0.73

0.33

-2.20

0.07

5m
Downstream – Ocean

0.30

0.39

0.76

0.72

Upstream – Ocean

0.38

0.39

0.97

0.59

Upstream – Downstream

0.08

0.24

0.34

0.94

a

Variable contributes significantly to Enterococcus concentrations at subsite between transects

46

Table 2: Effect of subsite within transects for Enterococcus concentrations. A negative estimate
parameter denotes an inverse relationship, the standard error denotes the variability of the
measured variables, and z-values are used to calculate significance given a confidence interval.
Comparison (Effect)

Standard
Error

Estimate

z-value

p-value

Upstream Transect
2.5 - Origin

-0.84

0.43

-1.97

0.12

5 - Origin

-0.91

0.43

-2.13

0.08

5 – 2.5

-0.07

0.43

-0.17

0.98

Downstream Transect
2.5 - Origin

0.22

0.32

0.68

0.78

5 - Origin

-0.66

0.32

-2.01

0.09

5 – 2.5

-0.88

0.32

-2.73

0.02 a

Ocean Transect

a

2.5 - Origin

-0.46

0.36

-1.26

0.42

5 - Origin

-0.63

0.36

-1.75

0.12

5 – 2.5

-0.18

0.36

-0.49

0.88

Variable contributes significantly to Enterococcus concentrations at subsite within transects
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Table 3: Effect of subsite with all transects combined (top) and effect of transect all subsites
combined (bottom) on HF183 concentrations. A negative estimate parameter denotes in the
Hurdle model denotes HF183 concentrations are smaller than the intercept. The standard error
denotes the variability of the measured variables, and z-values are used to calculate significance
given a confidence interval.
Subsite Non-Zero Model
Effect

Estimate

Standard
Error

z-value

p-value

2.5 m Subsite

0.13

0.31

0.41

0.68

5 m Subsite

0.09

0.33

0.29

0.77

Origin Subsite (Intercept)

Transect Non-zero Model
Effect

Estimate

Standard
Error

z-value

p-value

River Downstream Transect

0.03

0.16

0.23

0.82

River Upstream Transect

0.28

0.27

1.00

0.30

Ocean Transect (Intercept)

a

Variable contributes significantly to HF183 concentrations at subsite.
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Table 4: Detection frequencies (%) of Enterococcus and HF183 in upstream, downstream, and
ocean transects separated by subsite. Minimum and maximum concentrations for each transect
are provided, where the minimum concentration is the limit of detection.
Subsite

Enterococcus
Detection (%)

HF183
Detection (%)

Max = 2.14 x 104

Upstream Transect (n=8)

Min = 2.50 x 102

Origin

87.5

87.5

2.5 m

75

0

5m

50

0

79.2

29.2

Total

HF183 Concentration
Range (GC 100 g-1)a

Max = 1.59 x 104

Downstream Transect (n=8)

Min = 2.50 x 102

Origin

100

75

2.5 m

100

50

5m

62.5

37.5

Total

87.5

54.2
Max = 3.76 x 103

Ocean Transect (n=4)

Min = 2.50 x 102

Origin

100

75

2.5 m

100

50

5m

50

25

Total

83.3

50

All
combined n
= 60

83.3

43.3

a

Ranges of HF183 concentrations in samples where HF183 was detected. The limit of detection

was 2.50 x 102 GC 100 g-1
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Table 5: Binomial model using binary data (HF183 detected or not detected) that compares the
frequency of detection among subsites with all transects combined (top) and frequency of
detection among transects with all subsites combined (bottom). A negative estimate parameter in
the Hurdle model denotes a higher frequency of detection compared to the intercept in the
binomial model. The standard error denotes the variability of the measured variables, and zvalues are used to calculate significance given a confidence interval.
Binomial Model by Subsite
Effect

Estimate

Standard
Error

z-value

p-value

2.5 m Subsite

2.53

0.84

3.01

0.0020 a

5 m Subsite

3.12

0.90

3.46

0.0005 a

Origin Subsite (Intercept)

Binomial Model by Transect
Effect

Estimate

Standard
Error

z-value

p-value

River Downstream

-0.24

0.85

-2.14

0.78

River Upstream

1.33

0.92

-0.28

0.15

Ocean Transect (Intercept)

a

Variable contributes significantly to HF183 concentrations at subsite.
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Figures

A
B
C

Figure 1: Map of sampling sites at Copey River in Jacó Beach. “A” represents the upstream
transects, “B” the downstream transect, and “C” the ocean transect. The dots are approximate
representations for sediment (yellow), and subsites origin (purple), 2.5 m (white), and 5 m
(green).
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Figure 2: Flow chart of the sampling design. Sand at each transect was sampled four times over
the course of a week.
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Figure 3: Log10 transformed Enterococcus (ENT, blue) and HF183 (gold) sediment
concentrations (GC 100 g-1) in the upstream, downstream and ocean transect. The middle line
represents the median, the boundaries of the box the 75th and 25th percentile, and the error bars
represent the largest and smallest values that are 1.5 times larger than the 75th and 25th
percentiles. The circles represent values that are >1.5 times the interquartile range. HF183 was
not detected in the ocean sediment.
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Figure 4: Log10 transformed Enterococcus concentrations (GC 100 g-1) in the upstream,
downstream and ocean transect, analyzed by subsite (origin = 0). The middle line represents the
median, the boundaries of the box the 75th and 25th percentile, and the error bars represent the
largest and smallest values that are 1.5 times larger than the 75th and 25th percentiles. The circles
represent values that are >1.5 times the interquartile range.
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Abstract
Recreation in beach sand has been linked with gastrointestinal illness, but the risk of illness from
exposure to viral, bacterial, or protozoan pathogens, and the relative risks of various pathogens,
has not been extensively studied. A quantitative microbial risk assessment is a modeling
framework designed to predict risk of illness based on an exposure scenario to a given
concentration of pathogen(s). A reverse quantitative microbial risk assessment estimates
pathogen concentrations that correspond to a varying probability of meeting a defined risk
threshold. We utilized the reverse QMRA framework to compare the concentrations of bacterial
(Salmonella), viral (adenovirus), and protozoan (Giardia) pathogens that correspond to a
gradient of probabilities of meeting a risk threshold of 36 cases of gastrointestinal illness per
1000 people (from the 2012 recreational water quality guidelines) resulting from exposure to
beach sand. We measured concentrations of these pathogens in sand samples from a
contaminated tropical beach in Costa Rica and compared them with the modeled values derived
from the reverse QMRA to determine the probability that the risk from each pathogen would
meet the 36/1000 risk threshold. We also determined the log reduction values of pathogen
concentrations such that they would meet an acceptable level of risk below 36/1000. Sand
samples were collected at the riverbank and analyzed for the fecal indicator bacteria enterococci,
the human-host associated microbial source tracking marker genes HF183, sewage-associated
marker pepper mild mottle virus (PMMoV), and pathogens Salmonella, Giardia, and human
adenovirus. Enterococci were detected in all samples by quantitative PCR with a geometric mean
of 3.25 x 103 GC 100 g-1. Geometric means of the MST markers HF183 and PMMoV were 1.19
x 103 and 1.64 x103 GC 100 g-1 and were detected in 83% and 33% of samples, respectively.
Salmonella was detected in 66.6% of samples and had a geometric mean of 2.45 x 102 CFU 100
g-1. Giardia and adenovirus were detected only once each at 45 oocysts 100 g-1 and 1.91 x 102
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GC 100 g-1. QMRA analysis showed that adenovirus and Giardia concentrations exceeded the
levels that coincide with the risk threshold of 36/1000 while Salmonella fell between the 25th and
50th probability of meeting the risk threshold. Exposure to sewage-borne pathogens in sand
could contribute to the risk of illness for recreational users of Jacó Beach and should be analyzed
in tandem with pathogens in water to implement the best strategy for the protection of public
health.
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Introduction
Children, who are at higher risk of illness than adults due to their still developing immune
systems, spend approximately 30% of their time at the beach recreating in the sand near the
swash zone (Ferguson et al., 2021). Recreation in sand has been previously correlated with
gastrointestinal illness (Heaney et al., 2009), which is widely assumed to be due to infection
from pathogens (disease causing microorganisms). The introduction of fecal contamination to
beach sand, which increases the risk of beachgoer exposure to pathogens (Soller et al., 2014),
can occur via sewage spills (Brandão et al., 2020), direct deposition of human or animal feces,
seeding from a contaminated water body, or runoff (Whitman et al., 2014). Sewage-borne
pathogens that can cause gastroenteritis are diverse and include many genera and species of
bacteria, viruses, and protozoa (Solo-Gabriele et al., 2016). Direct testing for pathogens on a
routine basis for all recreational waters is currently not feasible due to the logistical difficulty
and expense of testing for the high diversity of possible pathogens. Added to the difficulty of
multiple tests for an array of pathogens is the need for concentration of microorganisms from
large volumes of waters, as most pathogens are at low concentrations in surface waters. Instead,
fecal indicator bacteria (FIB) such as E. coli and enterococci are used to monitor for the presence
of fecal contamination (USEPA, 2012) in recreational waters.
FIB are present in the gastrointestinal tracts of a wide variety of animals (Harwood et al., 1999)
and have been shown to persist in the environment, particularly in sand where FIB are protected
from the environmental stressors that cause rapid die-off in water (e.g. UV radiation, predation)
(Yamahara et al., 2012b). Thus, it is difficult to determine the source of contamination based on
the quantification of FIB alone (Ahmed et al., 2016). Microbial source tracking (MST) methods
were developed to provide a more accurate assessment of the sources of fecal matter that
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contribute FIB and pathogens into the environment. Some examples of MST marker genes
(frequently termed “markers”) are Bacteroides dorei HF183 gene cluster, which is a humanassociated fecal marker, and replication proteins associated with pepper mild mottle virus
(PMMoV) which is a viral marker of sewage (Bernhard and Field, 2000; Rosario et al., 2009).
MST markers, in conjunction with FIB, provide a toolkit by which the presence and source of
contamination can be identified (Harwood et al., 2016), allowing the source of contamination to
be removed or mitigated depending on the circumstances and stakeholder needs (Nguyen et al.,
2018).
Epidemiological studies are used to determine the causes of waterborne disease and have been
used in conjunction with FIB data to set regulatory guidelines for recreational waters in the
United States (Heaney et al., 2014). While these regulatory guidelines exist for water, none exist
for sand, despite the studies linking gastrointestinal disease to recreating in sand (Bonilla et al.,
2007; Brandão et al., 2020; C. D. Heaney et al., 2009; Heaney et al., 2012; Solo-Gabriele et al.,
2016). Epidemiological surveillance is held as the ideal disease monitoring tool, but
implementation of a surveillance study can be costly and require specialized knowledge that is
not available to many decision makers (WHO, 2016). Quantitative microbial risk assessment
(QMRA) is a statistical approach that provides a mathematical framework for estimating the risk
from exposure to pathogens in an environment without the labor and cost of an epidemiology
study (Haas et al., 2014). The QMRA framework consists of four main steps: hazard
identification, exposure assessment, dose-response, and risk characterization. The hazard
identification identifies which pathogens may present a hazard to exposed individuals in a
defined environment. Hazard identification may be accomplished empirically, by measuring a
select set of pathogens, or it may be estimated based on previously established levels of
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pathogens in a contamination source such as sewage (Schoen et al., 2021). Once pathogens are
identified, they serve as the reference for the conceptualization of the exposure assessment and
define the dose-response model. Thus, they are termed reference pathogens in the QMRA
framework. The exposure assessment models the amount of reference pathogen (from hazard
identification) an “average” person may be exposed to in a specific scenario (also known as a
dose) which is then extrapolated to a population level based on the size and nature of the exposed
population (WHO, 2016). The dose is then modeled on dose-response curves sourced from the
literature to determine the probability of an infection for each reference pathogen. The infection
can be combined with morbidity ratios (frequency of infection in a population) for each reference
pathogen to characterize the risk of illness for each reference pathogen for individuals and/or
communities (Haas et al., 2014).
QMRA is versatile as it can identify the human health risk from exposure to a given number of
pathogens (forward QMRA), or it can identify the magnitude of pathogen reduction needed to
achieve a given level of human health risk, known as a reverse QMRA (Rasheduzzaman et al.,
2019; Shoults et al., 2021). Reverse QMRA studies can inform scenarios where pathogen
concentrations need to be reduced through public health measures to meet or be below a
stakeholder-defined target of risk (Schoen et al., 2021). Reverse QMRA estimates a range of
pathogen(s) concentrations that correspond with the probability of meeting a pre-defined risk
threshold. In general, the defined risk thresholds are relevant to stakeholder or public health
needs. If the estimated risk exceeds the pre-defined threshold, one can calculate the log reduction
(of quantified pathogen(s)) necessary to reduce risk below the defined threshold.
Only one QMRA has been carried out in sand. The study occurred at a subtropical beach in
Miami, Florida, USA and focused on determining the range of reference pathogens
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Cryptosporidium, Staphylococcus aureus, and Enterovirus that correspond with the probability
of meeting a risk threshold of 1.9 x 10-2 illnesses per individual (Shibata and Solo-Gabriele,
2012). Quantified pathogen concentrations were well below reference pathogen levels needed to
achieve the risk threshold (Shibata and Solo-Gabriele, 2012).
Costa Rica has many tropical beaches that are popular for tourist visits, providing a crucial
source of income where economic opportunities might be limited (Krause, 2012). Many beaches
throughout Latin America and the Caribbean suffer from a lack of adequate wastewater
infrastructure, which increases the risk of exposure to sewage among beachgoers (Benavides et
al., 2019). Costa Rica in particular is estimated to only have 25% of households connected to a
sewage system, with the majority of connections present in urban areas (Mateo-Sagasta, 2017).
In comparison, the United States experiences approximately 90 million illnesses per year from
contaminated recreation, despite a more extensive wastewater infrastructure (DeFlorio-Barker et
al., 2018). Recreation to beaches in Costa Rica potentially makes the risk of illness much greater
than the United States, which in turn can impact the livelihood of communities dependent on
tourist visits to beaches.
This study compares the probabilities that correspond with bacterial, viral, and protozoan
pathogen concentrations needed to meet a risk threshold. We used a static reverse QMRA to
estimate the probabilities that correspond with culturable Salmonella, human adenovirus (qPCR),
and Giardia (microscopy) concentrations needed to meet a risk threshold of 36 gastrointestinal
illnesses per 1000 individuals (36/1000)(USEPA, 2012). A static QMRA assumes that infection
does not spread to other individuals after initial exposure to a pathogen (WHO, 2016). We then
determined the values needed to reduce the risk of illness for each pathogen below 36/1000. We
hypothesized that culturable Salmonella would require the highest magnitude of reduction,
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followed by adenovirus (qPCR) and Giardia (microscopy). This was based on the high
concentration of Salmonella quantified in sand as compared to adenovirus and Giardia.
Adenovirus was hypothesized to be a higher risk of illness than Giardia due to the higher
infectivity of adenovirus compared to Giardia (ID50 adenovirus =1.14 (Rendtorff, 1954),
Giardia = 3.48 (Couch et al., 1966). We adapted a previously published exposure model for use
in our study (Shibata and Solo-Gabriele, 2012), and dose-response models (McBride et al., 2013;
Regli et al., 1991; Teunis et al., 2016) sourced from the literature to estimate the pathogen
concentrations required to meet a defined risk target of 36 cases of gastrointestinal illness per
1000 individuals (USEPA, 2012). The calculated pathogen concentration was then compared to
concentrations detected in processed sand samples to determine the magnitude of reduction
required to reduce the risk of gastroenteritis below the 36/1000 threshold for each pathogen.
Methods
Study Site and Sample Collection
Jacó is a town on the Pacific coast of Costa Rica whose beach is a popular tourist destination for
local and international tourists. The beach is used for recreational activities that include surfing,
swimming, and playing in sand by both adults and children. These recreational activities tend to
take place in proximity to rivers that flow into the ocean, which have been previously established
to be sources of high levels of sewage contamination (González-Fernández et al., 2021). Sand
samples were collected at Copey River at a freshwater location (9.614671, -84.631495) and a
saltwater location (9.614547, -84.631691, Figure 1). One sample per site from two sites were
collected weekly over three weeks for a total of six sand samples in tandem with water samples
from the river and ocean (González-Fernández et al., 2022). Approximately 500 g of sand per
sample were collected at the riverbank in the top 1-2 cm of sand into sterile, two-liter Whirl-Pak
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bags. Sample were immediately placed on ice upon collection. Each sample was split, and 250 g
of sand was sent to the Instituto Costarricense de Acueductos y Alcantarillados (AyA) located in
the province of Cartago in Costa Rica for culturing enterococci using USEPA method 1600
(USEPA, 2002). Samples were processed within six hours of collection. The second 250 g
aliquot of each sample was shipped to Biological Consulting Services (BCS) in Gainesville,
Florida US, on Techniice stored at -20°, within 72 hours of collection for pathogen and
molecular biology measurements.
Sample Processing and Analysis
Culture of enterococci
Enterococci were cultured at AyA. Bacteria were extracted from sand using a modified version
of the slurry method (Gallard‐Gongora et al., 2021) where 15 g of sand was added to 135 ml of
phosphate buffered solution (PBS) in a sterile bottle (500 ml capacity). The slurry was shaken by
hand for two minutes and allowed to settle for 30 seconds. Ten ml of the supernatant was added
to 90 ml of PBS, then concentrated by membrane filtration on a mixed cellulose ester membrane
filter (47 mm diameter 0.45 µm pore size, Fisherbrand). Each filter was placed on BD Difco™
mEI agar and incubated for 22-24 hours at 40° C according to USEPA Method 1600 (USEPA,
2002).
Analysis of HF183, PMMoV, Salmonella, Adenovirus, and Giardia
Upon arrival at BCS laboratories in the US, the 250 g sand sample was split into two parts.
Thirty grams of each sand sample was added to 270 ml of PBS and processed using the slurry
method. One hundred ml of the slurry supernatant was concentrated by polyethylene glycol
(PEG) precipitation. The 250 µl resuspended PEG pellet was stored at -80° C and shipped to the
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University of South Florida on Techniice stored at -80° C. A 100 ml aliquot of the supernatant
was processed for culturable Salmonella following EPA Method 1682 (USEPA, 2006). The
remaining 220 g of sand was used for the detection of Giardia using immunomagnetic separation
and microscopy following USEPA method 1623 (USEPA, 2005).
The PEG precipitate was processed at USF through a PowerViral DNA/RNA Kit (Qiagen;
Germantown, USA) following the manufacturer’s instructions and the purified nucleic acid
extract was used for reverse-transcriptase (RT) qPCR (PMMoV) or qPCR (HF183 and
adenovirus) (Table 1). Extraction blanks containing nuclease free water were processed
alongside the samples during the extraction. Reverse transcription was carried out on 25 µl of the
purified nucleic acid using random hexamers and the Superscript IV First-strand Synthesis
System (Invitrogen; Carlsbad, USA) for the quantification of PMMoV. PMMoV was quantified
via RT-qPCR using previously established methods (Haramoto et al., 2013a). The purified
nucleic acid was also used for qPCR of HF183 and adenovirus. Human- and sewage-associated
microbial source tracking marker Bacteroides HF183 and Human adenovirus were analyzed via
qPCR using previously established methods (Green et al., 2014; Heim et al., 2003a).
All assays were run with triplicate technical replicates containing 5 µl of nucleic acid template
and 12.5 µl of TaqMan Environmental Master Mix 2.0 (Applied Biosystems, Waltham, MA) in
25 µl reactions. Ninety-six well plates were used (Thermo Fisher, Waltham, US) on an ABI 7500
Real-Time PCR system (Thermo Fisher Scientific; Waltham, USA). Inhibition was tested using
1:10 dilutions of the template alongside the triplicates. Inhibition was identified if the cycle
threshold value of the 1:10 dilution was within 2 cycle threshold values of the undiluted sample
(Cao et al., 2012). No inhibition of the PCR was observed in this study. Positive controls were
established using synthetic standards prepared with gBlocks gene fragments purchased from
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Integrated DNA technologies (Coralville, IA). Standard curves ranged from 106-10 GC for all
assays. Samples were defined as not detected if one or no technical replicates amplified and were
assigned as detectable but not quantifiable (DNQ) if 2 of 3 replicates amplified or all three
replicates amplified but were quantified below the limit of quantification (Table 1).
Run conditions, primer/probe sequences and concentrations, limits of quantification, and limits
of detection used for quantification of HF183, adenovirus, and PMMoV are in Table 1. Negative
controls and extraction blanks did not amplify for all assays. All assay standard curves had an
efficiency between 90 and 100% and R2 between 0.90 and 0.99 (Bustin et al., 2009)
QMRA Model
Reference pathogens chosen were based on those that were detectable in sand samples and which
had available dose-response models. The risk targets for pathogens were chosen based on those
recommended by the USEPA at 36 cases of gastroenteritis/1000 individuals (USEPA, 2012).
Morbidity ratios were chosen based on recommendations from the literature (USEPA, 2010a).
The ingestion of sand through hand to mouth transfer was the exposure route considered in the
QMRA model. Only adults were considered in the exposure scenario. The exposure model was
based on a previous QMRA in sand (Shibata and Solo-Gabriele, 2012) with some modifications.
The equation for the exposure model (ED) is:
(EQ. 1)

𝐸𝐸𝐸𝐸 = 𝑡𝑡 ∗ 𝑡𝑡𝑡𝑡 ∗ ℎ𝑓𝑓 ∗ 𝑠𝑠𝑠𝑠 ∗ 𝑡𝑡𝑡𝑡

Where t is the amount of time spent recreating in the sand (hrs), tr is the surface area of the hand
with sand attached (g/cm2), hf is the hand to mouth transfer frequency (hr-1), sm is the surface
area of the skin on the hand mouthed (cm2), and te is the transfer efficiency from hand to mouth
(unitless, Table 2). Dose response models for Salmonella, Giardia, and adenovirus were sourced
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from the literature (Table 3); those for Salmonella and adenovirus were based on generalized
Beta-Poisson distributions and Giardia was based on an exponential distribution (Table 3).
Pathogens were tested on humans, dosed orally, and the health endpoints were gastrointestinal
illness. The probability of illness (Pill) was determined by multiplying the probability of infection
by the morbidity ratios sourced from the literature (Table 3). Doses that correspond with meeting
the probability of the risk target of 36/1000 were calculated for Salmonella and adenovirus by
rearranging the dose-response equations in Table 3 to solve for dose:
−1/𝑎𝑎

𝑁𝑁 = 𝑏𝑏 ∗ ((1 − 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 )

-1)

(EQ. 2)

And for Giardia:

𝑁𝑁 =

ln (1−𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 )
−𝑘𝑘

(EQ. 3)

We quantified the range of concentrations of Salmonella, Giardia, and adenovirus that
correspond with up to a 95% probability of meeting the 36/100 risk threshold by:
𝑃𝑃𝑃𝑃 =

N

𝐸𝐸𝐸𝐸

(EQ. 4)

and compared them to quantified concentrations of Salmonella, Giardia, and adenovirus to
determine the magnitude of reduction required to decrease the risk of gastroenteritis associated
with each pathogen below the 36/1000 risk threshold.
Statistical Analysis
Central tendencies were analyzed using geometric means. Samples that were not detected were
assigned ½ the limit of detection, while samples that were detectable but not quantifiable (2/3
qPCR replicates amplified) were assigned half the limit of quantification. A two-sided t-test was
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used to compare enterococci concentrations (α > 0.05 significance threshold). Samples below the
limit of detection were assigned ½ the value of the limit of detection.
Results
Indicators of fecal contamination were present at high concentrations, while pathogens were
quantifiable in beach sand. The geometric mean of the FIB enterococci in sand was 3.25 x 103
CFU 100 g-1 and enterococci were detected in all samples (Table 4). Enterococci concentrations
were significantly lower in samples that were closer to the ocean. Means of the MST markers
HF183 and PMMoV were 1.19 x 103 and 1.64 x103 GC 100 g-1, respectively. HF183 was
detected in 83% of samples (5/6) and PMMoV in 33% (2/6). Of the pathogens, Salmonella was
most frequently detected (4/6, 67%) while Giardia and adenovirus were each detected in 17% of
samples (1/6). Salmonella mean was calculated at 2.45 x102 CFU 100 g-1, Giardia 49 oocysts
100 g-1 and adenovirus 1.91 x 102 GC 100 g-1 (Table 4).
Concentrations of Salmonella, Giardia, and Adenovirus in Relation to Risk Target of 36/1000
The reverse QMRA estimated reference pathogen concentrations that coincide with 25th, 50th,
75th and 95th percentile probability that the risk of gastroenteritis would exceed the 36/1000
threshold (Table 5). Giardia had the smallest range between 4.7 x 10-3 (25th percentile) to 1.6 x
10-1 (95th percentile) oocysts 100 g -1, followed by adenovirus (3.5 x 10-1 – 92.5 GC 100 g -1)
while Salmonella had the largest range (1.1 x 102 – 2.8 x 105 CFU 100 ml-1). When compared to
the concentrations of pathogen measured in Jacó beach sand, adenovirus and Giardia exceeded
the concentration required to meet the risk target of 36/1000 while Salmonella fell between the
25th and 50th percentile.
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The sensitivity analysis via a two-sided Spearman rank correlation (Table 6) showed the variable
that contributed the most to the variation in the model for Salmonella was the hand to mouth
transfer frequency with rho = 0.35. The most important variable for Giardia and adenovirus was
the surface area of the hands at rho = .66 and 0.35, respectively.
Discussion
Understanding the human health risk from exposure to pathogens in sand can help public health
professionals make better decisions in the interest of protecting beachgoers. Quantified
concentrations of Giardia and adenovirus in sand exceeded the 36/1000 risk target, while
Salmonella fell between 25th and 50th percentile. Our initial hypothesis was based on the logic
that the high concentration of Salmonella would lead to the highest risk. However, the ID50
(dose required to infect 50% of a population) of non-typhoid Salmonella (49.8, (Meynell and
Meynell, 1958)) is high in comparison to Giardia (3.48, (Rendtorff, 1954)) and adenovirus (1.14,
(Couch et al., 1966)). Although the concentration of Salmonella was highest among the three
pathogens, its infectivity was the lowest, therefore the probability of meeting the risk target is not
as high for Salmonella as compared to adenovirus and Giardia despite the higher concentration
and rate of detection.
The detection and quantification of pathogens in sand remains an understudied field of research.
Of the three pathogens quantified in this study, Salmonella had the highest detection rate and
concentration. Salmonella has been detected in both fresh and saltwater beach sand ((Bolton et
al., 1999; Byappanahalli et al., 2009). In the saltwater beach study, which took place in
northwest England, Salmonella was detected in 6% of 182 samples, which was lower than the
66.6% detection in this study but with a much higher sample size. In the freshwater study in
Lake Michigan Salmonella was detected in sand samples, although no detection frequency was
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specified. Median concentrations of Giardia and adenovirus have previously been analyzed in
sub-tropical beach sand (Abdelzaher et al., 2010) however the study was not able to detect either
pathogen whereas in this study they were detected once each. This study was limited by the
small sample size but showed that pathogens are quantifiable in sand when in proximity to a
contaminated water source.
Copey River has been previously established to be a source of contamination for FIB, MST
markers, and pathogens in the ocean and beach sand (González-Fernández et al., 2021; GallardGongora et al. Disseration Ch.3; Unpublished). PMMoV, a sewage associated marker, was
detected in one sand sample in this study. PMMoV in water samples collected at Copey River
over the same sampling period were detected more frequently (100% detection) and at higher
concentrations (3.87 x 104 GC 100 ml -1) (González-Fernández et al., 2022), which was higher
than in sand. Concentrations of Giardia and Salmonella in sand were also lower than the mean
concentrations in Copey River (100% detection, 1.20 x 105 oocysts 100 ml-1 and 3.99 x 106 CFU
100 ml-1) in samples collected over the same sampling period and had lower detection rates.
However, adenovirus was not detected in water samples whereas it was detected once in sand
over the same sampling period.
No studies have examined the viability of microbial source tracking markers and pathogens in
sand. Fecal indicator bacteria are typically found at higher concentrations in sand than in water
as sand can protect FIB from environmental parameters that negatively impact their survivability
(Hartz et al., 2008; Ishii et al., 2007). Understanding the viability of MST markers and pathogens
in sand could, and their comparisons to the viability of FIB in sand could provide greater
understanding of the fate and transport of MST markers and pathogens in sand.
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The rate of ingestion of microbes from beach sand has not been well explored. The physical
characteristics of different microbes would likely alter their ingestion rates as well as their
distribution. Microbes in beach sand can vary across short distances (Bonilla et al., 2007)
depending upon different factors such as the proximity to a waterbody (Gallard-Góngora et al.
Dissertation Ch.2 unpublished (Palmer et al., 2020) or direct deposition by a human or animal
(Bonilla et al., 2007). The patchy distribution of microbes in beach sand complicates the
development of an accurate exposure model that is also pathogen specific, which is a necessity if
the accuracy of QMRA in sand is to be improved. A study has examined the hand to mouth
transfer of E. coli and coliphage in sand samples (Whitman et al., 2009) and found that E. coli
densities on the hand were related to the background densities in sand as opposed to the surface
area of the hand. The variable “surface area of the hands” used in this study contributed the most
variability in the sensitivity analysis for Giardia (Table 6). The increased sensitivity could be
due to difference in dose-response model between the pathogens. Giardia used an exponential
distribution, which assumes pathogens have an identical probability of infection (k). In contrast,
Salmonella and adenovirus use generalized beta-Poisson distribution which assumes a nonconstant infection probability (β) (Haas et al., 2014).

Improving the exposure model by

incorporating a generalized ratio of microbe transfer from sand to the hand could improve the
accuracy of the exposure model.
Conclusions
The reverse QMRA showed Giardia (microscopy) and adenovirus (qPCR) quantified
concentrations exceeded the probability of meeting the risk threshold while culturable
Salmonella fell between the 25th and 50th percentile. Future directions for this study involve
calculating the log reduction values necessary for Salmonella, Giardia, and adenovirus to be
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below the risk threshold, determining the risk-based threshold for HF183, and a comparison of
risk-based thresholds between sand and water. Calculating the log reduction values provides
actionable data to beach managers that can be implemented to improve public health, a study
determined log reduction values in water (Orner et al., 2021). Development of a risk-based
threshold for HF183 in sand allows for the comparison of MST indicators across different
environments (Boehm and Soller, 2020). An understanding of which medium (beach sand or
water) contributes the most risk improves our understanding of the beach which also improves
our ability to make data-driven decisions to improve public health in the area.
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Tables
Table 1: Primer and probe sequences and concentrations for Bacteroides HF183, PMMoV, and adenovirus (RT-)qPCR assays,
temperature cycling conditions and citations.
Assay

Bacteroides
HF183
(Green et al.,
2014)

Pepper MildMottle Virus
(Haramoto et al.,
2013b; Zhang et
al., 2006)
Adenovirus
(Heim et al.,
2003b)

Primer/Probe Sequences 5’ – 3’

Final Concentration
and Run Conditions

Forward Primer:
ATCATGAGTTCACATGTCCG
Reverse Primer:
CTTCCTCTCAGAACCCCTATCC
Probe:
FAM-CTAATGGAACGCATCCC-MGB

Forward Primer:
GAGTGGTTTGACCTTAACGTTTGA
Reverse Primer:
TTGTCGGTTGCAATGCAAGT
Probe:
CCTACCGAAGCAAATG[MGBNFQ]
Forward Primer:
GCCCCAGTGGTCTTACATGCACATC Reverse
Primer:
GCCACGGTGGGGTTTCTAAACTT
Probe:
TGCACCAGACCCGGGCTCAGGTACTCCGA
[TAMRA]
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Limit of
Detection
(GC 100 ml-1)

Primers:1000 nM
Probe: 80 nm
2 min at 50 °C, 10
min at 95 °C
followed by 40
cycles of 15 s at 95
°C and 60 s at 60
°C (40x)
Primers: 400 nM
Probe: 200 nM
10 min at 95 °C, 40
cycles (15 s at
95°C, 60 s at 60°C)
Primers: 250 nM
Probe: 250 nM
10 min at 95 °C, 40
cycles (15 s at
95°C,60s at 60°C)

Limit of
Quantificatio
n GC 100 ml1
)

500

500

500

500

500

1000

Table 2: Parameters for the exposure model
Parameter

Mean

Std. Dev

Exposure Duration

Min

Mode

Max

Unit

Distribution

0

3

6

Hr

Triangular

Surface area of
hands covered with 4.9 x 10-4 8.9 x 10-3
sand
Surface area of
skin mouthed
Hand to mouth
frequency
Hand to mouth
transfer efficiency

g/cm
17

8.4

20

24

10.6

0.14

0.16

0.18
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2

Log normal

cm2

Triangular

hr-1

Truncated normal
(a = 0, b = inf)

Unitless

Triangular

Source
(Ferguson et al.,
2021, 2019)
(Shibata and
Solo-Gabriele,
2012)
(Shibata and
Solo-Gabriele,
2012)
(Shibata and
Solo-Gabriele,
2012)
(Shibata and
Solo-Gabriele,
2012)

Table 3: Parameters for the dose response models.
Parameter
Adenovirus

Distribution
Generalized beta-Poisson

Equation
𝑑𝑑 −𝛼𝛼
𝑃𝑃𝐼𝐼 (𝑑𝑑) = 1 − �1 + �
𝛽𝛽

Morbidity Ratio

Source

0.5

(Teunis et al., 2016;
USEPA, 2010b)

α = 5.11; β = 2.80

Giardia Lamblia

Salmonella

Exponential

Generalized beta-Poisson

𝑃𝑃𝐼𝐼 (𝑑𝑑) = 1 − 𝑒𝑒
k = 50

−𝑑𝑑
𝑘𝑘

𝑑𝑑 −𝛼𝛼
𝑃𝑃𝐼𝐼 (𝑑𝑑) = 1 − �1 + �
𝛽𝛽

0.2, 0.7

0.2

(Regli et al., 1991)

(Graham B. McBride et
al., 2013)

α = 0.33; β = 139.9

Where 𝑃𝑃𝐼𝐼 (𝑑𝑑) is the probability of illness at a given dose, d is the dose, β and α are the estimated model parameters for the generalized
Beta-Poisson distribution, and k is the estimated parameter for the exponential distribution.
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Table 4: Concentrations of enterococci, HF183, PMMoV, Giardia, Salmonella, and human adenovirus (HadV) in all sand samples (n
= 6).
enterococci

Giardia

Salmonella

HF183

PMMoV

HAdV

(CFU 100 g -1)

(cysts 100 g-1)

(CFU 100 g-1)

(GC 100 g-1)

(GC 100 g-1)

(GC 100 g-1)

Riverbank 1

2.00 x 104

ND*

4.50 x 102

2.89 x 102

ND*

ND*

Riverbank 2

5.00 x 102

ND*

2.00 x 102

3.13 x 103

1.15 x 103

1.91 x 102

Riverbank 3

2.20 x 104

4.9 x 101

2.00 x 102

1.29 x 104

2.33 x 103

ND*

Swash zone 1

2.90 x 102

ND*

2.00 x 102

ND

ND*

ND*

Swash zone 2

3.10 x 104

ND*

ND*

4.88 x 102

ND*

ND*

Swash zone 3

3.25 x 103

ND*

ND*

4.11 x 102

ND*

ND*

Sample

*ND = no detection
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Table 5: Modeled concentrations of Salmonella, Giardia, and adenovirus in sand necessary to
meet 25-95% probability of the defined risk target (36 gastrointestinal illnesses/1000 people)
upon exposure.
Salmonella

Giardia

Adenovirus

(CFU 100 g-1)

(Oocysts 100 g-1)

(GC 100 g-1)

25th Percentile

1.1 x 102

4.7 x 10-3

3.5 x 10-1

50th Percentile

5.2 x 102

1.1 x 10-2

1.7

75th Percentile

2.5 x103

3.2 x 10-2

8.3

95th Percentile

2.8 x 105

2.6 x 10-1

92.6

Percentile
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Table 6: Sensitivity analysis of the QMRA model inputs using a spearman rank correlation (rho
= ρ)
Model Input
Exposure duration
(ed)
Surface area of hands
(tr)
Surface area of skin
mouthed (sm)
Hand to mouth
frequency (hf)

Salmonella (ρ)

Giardia (ρ)

Adenovirus (ρ)

0.21

0.33

0.20

0.001

0.66

0.001

0.03

0.05

0.03

0.35

0.57

0.35

0.02

0.035

0.02

Hand to mouth
transfer efficiency
(te)
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Figures

Figure 1: Map of sample sites at Copey River. The yellow dots represent approximate sampling
locations.
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Summary

AFTERWORD

This research added to our understanding of the human health risk from exposure to pathogens in
beach sand by 1) identifying a reproducible method for the quantification of DNA and bacteria in
sand, 2) establishing a relationship between HF183, Enterococcus, and proximity to a
contaminated waterbody, and 3) establishing there is a risk of illness from exposure to pathogens
in sand. Understanding the risk from exposure to pathogens in sand is an important step towards
implementation of a holistic beach monitoring approach and improves the protection of public
health at recreational beaches.
My research showed that the slurry method is preferable for the extraction of bacteria and DNA
from sand, sand sampling strategies should incorporate proximity to waterbodies in their design,
and there is a risk of illness from exposure to bacterial, viral, and protozoal pathogens in sand at
a tropical beach.
Future Directions
This research showed there is a risk of illness from exposure to pathogens in sand. A better
technique for compositing sand samples is required for the slurry method as a means to improve
the methodology further. The survivability of MST markers in sand is also an important area of
research as this would improve our understanding of the relationship between MST markers and
FIB in sand, and how both are attenuated with distance from a contamination source, such as a
polluted river. Investigating the relative risk between water and sand will improve how and when
to allocate resources for beach monitoring and clean-up. Establishing risk-based thresholds for
MST markers in sand opens up the possibility of utilizing fecal score ratios (a method of binning
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microbial indicators above or below a threshold value) in sand and comparing those to water.
These steps will improve our understanding of the dynamics of MST markers and FIB in sand
and provide better strategies for the monitoring of fecal contamination.
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APPENDIX A: CHAPTER TWO
Note to Reader
This chapter has been previously published in Journal of Applied Microbiology (2022) doi:
10.1111/jam.15423and has been reprinted with permission from Journal of Applied
Microbiology © 2022 Society for Applied Microbiology, which allows authors to include their
full articles in a thesis or dissertation for non-commercial purposes.
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